Mixing in microsystems, combining alternate flow with obstacles, is studied by numerical methods. Simulations show that the layers of high and low solute concentrations, created by the alternate flow, are split into smaller chunks of fluid by obstacles inserted in the mixing channel, decreasing the critical mixing length. Reverse flow is necessary to guarantee symmetry and good mixing. Mixing increases with the increase of the number of obstacles. Increase of frequency improves mixing but requires an increase of reverse flow. The improvement in the mixing process shows that this method is very useful for designing mixers for lab-on-a-chip devices.
Introduction
The healthcare sector is nowadays one of the most dynamic and where the novelty is a strategic and operational imperative. The possibility to perform clinical analyses with instantaneous results and outside the clinical laboratories has led to the development of microfluidic devices with the fluidic, detection and readout systems integrated in a single-chip [1] . The advantages associated with shrinking clinical analysis systems include: small sample volume, high degree of system integration, automation of measurement, short response time, improved analytical performance, laboratory safety and reduced cost [2] . In clinical analysis laboratories, chemical species are detected by spectrophotometry. Spectrophotometry based on colorimetric detection allows the selective detection of the biomolecules concentration in biological fluids samples [3] . The measurement is based on optical absorption in a part of the visible spectrum defined by the reaction of the specific biomolecule with a specific reagent. In addition, the biomolecule concentration is measured by using a mixture of a reagent with a sample.
An essential requirement for any practical fully integrated lab-on-achip device is the ability to mix two or more fluids thoroughly and efficiently, i.e., in a reasonable amount of time. The microscale conditions have distinctive properties due to its small dimensions and typically low volume flow rate [4] . Rapid mixing becomes a challenging task, as due to strictly laminar flow conditions (it is generally operated at Reynolds numbers of less than 1), turbulent diffusion is absent and the mixing must be achieved by molecular diffusion (which is a rather slow process, even over short distances [5] ) or by chaotic advection [6] [7] [8] . Therefore, while small molecules can diffuse significant distances during the average residence time in the device, large molecules or particles that do not diffuse significantly during the same interval, will not move appreciably from their original stream.
The critical dimension that governs the extent of interdiffusion is the dimension along which diffusion occurs between streams. In a conventional T mixer, this length is equal to half the channel width (supposing the streams have the same flow rate). For a uniaxial flow, the channel length required for mixing is roughly equal to the product of the Peclet number by the width of the channel: Pe × W [6] . This mixing length can be prohibitively long if the flow velocity is too high and the diffusion coefficient of at least one of the components is too small. Since most biological fluid analysis applications require the use of enzymatic reactions, the diffusion coefficient of the enzyme is frequently the limiting factor.
It is possible to improve mixing by increasing the interfacial mass transport area and by decreasing the mixing length. In the literature, two main approaches are followed, passive mixing [6, [9] [10] [11] , which relies on specially conceived static microstructures, usually tridimensional, and active mixing [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , which relies on the application of periodic external fields to the flow, achieved by the use of MEMS (Micro Electro Mechanical Systems) devices, such as microvalves or micropumps that increase the cost, need complex control systems and could be difficult to integrate [23] .
A common form of active mixing is mixing by using pressure driven periodic flows [12] [13] [14] [15] [19] [20] [21] [22] , which will create a flow with layers of low and high solute concentrations along the mixing channel. However, the thickness of these layers should be smaller than the half channel width.
Pressure driving flows have parabolic velocity profiles. The parabolic profile contributes to mixing, since different layers will interpenetrate each other allowing mixing by diffusion in the transversal direction. However, the fluid in the center of the channel has a smaller residence Active mixing using periodic flow can be improved if combined with passive mixing [24] . In this work, the combination is made by using alternate flow in a mixer with obstacles. The function of the alternate flow is to create alternate layers of low and high concentrations. The function of the obstacles is to delay the fluid in the center of the mixing channel and to split the layers into smaller chunks that are easily mixable by diffusion.
Mixer description
Preliminary work was done to optimize the mixer. The mixer was designed so that the layers created by the alternate flow must be symmetrical and thinner than half the width of the mixing channel. A conventional T mixer is not adequate because the smaller layers of flow are not symmetrical and larger layers which are symmetrical are too large. For this reason, the conventional T mixer was modified. It was introduced an ejector, which has a width smaller than the width of the mixing channel (Fig. 1) . The mixer has two entries, one for each reacting stream. The purpose is to mix the reacting streams.
Four versions of the mixer were studied, a version without an obstacle (Fig. 1a) , a version with a central obstacle (Fig. 1b) , a version with three obstacles (Fig. 1c ) and a version with five obstacles (Fig. 1d ). All versions have two feed channels (of width W and length L f ) and an ejector (of width W e and length L e ), which connects to the mixing channel (of width W m and length L m ). The width of the squared obstacle is W obs . The width of the feed channel, W, was taken as the characteristic dimension. The following non-dimensional geometrical variables were defined:
Simulations
Numerical methods are used to simulate the alternate flow and the mixing of a passive tracer (Fig. 2) . One of the streams is a pure solvent stream, like water, and the other is a solvent stream containing a passive tracer.
Alternate flow (Fig. 3) is described by the following equation:
where sgn() is the sign function
V 0 is the mean feed velocity, St is the Strouhal number based on the width of the channel (W), ϕ P is the initial phase of the pure solvent stream, ϕ T the initial phase of the stream containing the tracer and β is a constant. If this constant is higher than 1 the velocities are negative during half of the cycle and above V 0 in the other half of the cycle. The non-dimensional time, t, is given by:
where T is the dimensional time. The Strouhal number is given by:
where f is the frequency of the alternate flow.
The mixing of a passive tracer was simulated using the commercial computational fluid dynamics software, Fluent™. The grids (Fig. 4) were generated by GAMBIT™. The grids are uniform and the grid spacing is equal to 0.05 × W.
Fluent™ solves the Navier-Stokes equations and the mass transport equations for each component. The Navier-Stokes equations are:
where x, y and z are the coordinates normalized by W and Eu 0 is the Euler number:
and Re is the Reynolds number based on the channel width:
Velocity is given by Eq. (3). Along the wall of the mixer and at the surface of obstacles, the no-slip condition was considered.
The mass transport equation for the passive tracer is:
Pe is the Peclet number defined by:
where D is the diffusivity of the passive tracer. The time dependent Eqs. (6) and (10) were solved by a first order implicit unsteady method. The SIMPLE algorithm was used to solve the flow equations. The convection term of the flow equations was approximated by a first order upwind method. The mass transport equations were solved by a second order upwind method. The periodic inlet boundary conditions were handled by using 30 time steps per cycle with a maximum of 20 iterations per time step.
Concentration of the tracer is equal to 1 in the upper feed channel (Fig. 2 ) and equal to zero in the lower feed channel. A zero mass flux is considered along the walls and a zero diffusive flux is considered at the exit of the mixer.
Mixing was measured in vertical lines along the mixing channel. Mixing was quantified by (see [13, 14] ):
where C i is the concentration of each point in the vertical line sampled several times during a complete cycle, Vx i is the tangential component of the local velocity, C is the concentration of a perfectly mixed solution and V is the average velocity.
Dimensional analysis
To simplify the study, dimensional analysis was used to identify the smallest set of non-dimensional numbers that influence mixing in the device. Since mixing depends on the local velocity of the fluid, the analysis starts by finding the non-dimensional numbers that influence the local velocity.
The local velocity V in a given position of the mixer is a function of the coordinates of the point, X and Y, the time T, the width of the channel W, the feed velocity V0, the frequency of the alternate flow f, the constant β, the initial phase of each stream, the fluid transport properties (viscosity, μ, and density, ρ) and the geometry of the mixer (G):
The number of parameters of this relation can be significantly reduced by dimensional analysis: v = f 2 x;y;t;β;ϕ T −ϕ P ;Re;St; G ð Þ ð 14Þ Fig. 4 . a) Grid for the five obstacles version; b) detail of the ejector. Fig. 3 . Inflow boundary conditions: a) The local concentration, C, is influenced by the flow field and will depend on the same variables as the local velocity. Additionally, the local concentration is a function of the Schmidt number and of the feed concentration. c = g x;y;t;β;ϕ T −ϕ P ;Re;Sc;St; G ð Þ ð 15Þ
Since mixing is independent of Y, then M = h x;t;β;ϕ T −ϕ P ;Re;Re;Sc;St; G ð Þ ð 16Þ
For small Reynolds numbers, as the ones in microfluidic systems, the flow pattern is independent of the Reynolds number. In this case, the Schmidt and the Reynolds numbers can be grouped. The functional dependence of the mixing parameter becomes:
In the steady state, mixing is independent of t and a function of the position along the mixing channel, the phase difference, the Peclet and Strouhal numbers and the constant β.
Results
Flow and concentration fields were determined for the four versions of the mixers (see Fig. 1 ) and for three operating conditions: a) Continuous flow; b) Alternate flow with ϕ T − ϕ P = π; c) Alternate flow with ϕ T − ϕ P = π / 2; 
Flow fields
For each case, the steady state flow field is a function of the Reynolds number (Fig. 5) , the Strouhal number, the reverse flow parameter (β) and of the geometry of the mixer (number of obstacles, Fig. 6 ). Numerical results show that the flow is independent of the Reynolds number for Reynolds numbers less than 1. For Reynolds number higher than 1 the inertial effects start to become important. However, the Reynolds number is very low in microfluidic devices, often bellow 1.
Concentration fields
Mass transport results are presented in Fig. 7 . Mixing for continuous flow (Fig. 7a) is very small when compared with mixing for alternate flow (Fig. 7b to d) .
The mixer geometry facilitates the creation of layers of fluid of different compositions ( Fig. 7c and d) . Due to the parabolic flow, the layers have a curved interface between each other. Mixing is improved due to the increase of the area between different layers and Taylor dispersion. However, the fluid in the center of the channel doesn't mix as effectively as the fluid near the wall because the residence time and the thickness of the layer are larger.
Comparison between Fig. 7b and c shows that the mixing is more efficient for the phase difference equal to π. The concentration field in Fig. 7b and c is asymmetric because the ejector is not completely cleaned after each cycle. This problem can be partially solved by allowing negative inflow velocities (βN 1.0). Comparison between Fig. 7c and d shows that mixing improves for βN 1.0. The effect of the β parameter is related to the Strouhal number. As the Strouhal number increases, the value of β required to assure a symmetrical concentration field also increases.
Obstacles
The introduction of an obstacle in the axis of the channel (Fig. 8a) contributes to delay the fluid, to break the layers into smaller chunks and to increase the interfacial area between fluids with different compositions. This effect is further increased by the introduction of more obstacles which break the smaller chunks into smaller ones ( Fig. 8b and c) . Fig. 9 shows the mixing index along the axis of the mixing channels for several configurations. The mixing index increases along the axis of the mixing channel and converges to 1 for large values of the distance to the channel entry. With the introduction of obstacles, the mixing index increases in the region located downstream of the obstacles.
Influence of the Strouhal number
Mixing in the device depends on the Strouhal number. 
Conclusion
Mixing of two streams in a microfluidic system combining alternate flow with obstacles located along the mixing channel was studied by numerical methods. Results show that this method can improve mixing in a T mixer. In addition, for biological fluids analysis using lab-on-a-chip devices, this improvement can lead to shorter mixing channels and to low cost mixers fabricated by planar lithographic technology.
